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There are different methods of drying wet clothes but drying with direct 
sunlight is considered the best suited for the preservation of the quality and 
usability of the cloths. However, sudden rainfall during the drying period 
constitutes a major drawback of the method. This returns the cloths to a 
drenched state as it is practically impossible to watch the clothes dry off 
after washing. This paper has proposed a model for an automated system for 
controlled open-air fabric drying by detecting the rain and moisture status of 
the cloths in real-time, and capable of shielding them to safety from the 
rainfall and excess sun. The modelled part considers the sensing model, 
drying model, control model, and their validation. The implementation and 
evaluation stage relate the result of the validated results to the developed 
prototypes. The simulated results in the sensing unit indicate above 87.5% 
agreements with the analytical results, and the controller simulated result 
provides a relatively small overshoot and faster dynamic response. 


Manufacturers of hanger systems for cloth drying have a basis for the design 
and implementation of their products in the paper. 
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1. INTRODUCTION 

One of the basic needs for human survival is clothing as human beings are inherently shy mammals, 
there is always a need to cover themselves and shield their nakedness. Apart from clothes aiding in covering 
the nakedness of man, they also support beautification and protection from harsh weather conditions on 
humans. Hence, clothing is very important to man, as different clothes are used for different reasons, and to 
different places. Majority of clothes are been purposed for re-use, thereby making laundry and dry-cleaning 
of cloths a necessary part of human endeavor. Sun-drying is often the most common form of cloth drying. 
However, rain and the accompanying wind remain major factors that alter a seamless drying process for 
drenched fabrics [1]. 

Automating the laundry process is always very difficult. The different steps towards ensuring that 
the quality and safety of the cloths are intact require precise measures and implementation. However, cloths 
are objects of high deformation feature with physical properties which are challenging to handle by systems 
acting autonomously. Cloths are designed with flexible materials which are difficult to handle with a high 
level of precision or repetitiveness-a factor needed to be present in automated systems. Therefore, the 
existing possible automatic and autonomous systems are limited in capacity to handle the special steps for 
cloth laundry-wash, dry, and fold [2], [3]. A feasible approach is needed to manipulate the chemistry of cloth 
laundry and automation by understanding the clothing configuration and the estimation of any process that 
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can alter the configuration. In the laundry process, as shown in Figure 1, cloth washing automation has been 
adequately researched into, while the drying and folding stages require more works [4]. The various other 
processes adjoining the laundry system have also been dealt with in implementations. Laundry processes are 
carried out in the store each day, with activities including taking receipt of clothes, washing, drying and 
ironing. In addition to managing these activities, an intelligent laundry outlet can manage client data, helps 
customers to locate their clothes within the store, indicates which processes have been completed, and shows 
the appropriate time to revisit the store for a pick-up of the dry-cleaned clothes [5]. Many workers in 
corporate organizations hardly have enough time to manually execute their hitherto domestic routines. They 
often execute their cloth washing in the machines and suspend or spread them in the open space for sun- 
drying during the day. However, the relatively dried clothes on the suspension are easily drenched up again 
by the day rain when the people are already at work. The drying and folding stages of a laundry process 
demand a comprehensive approach to detect the environmental factors such as rain and sunlight level, spread 
the cloths for drying when the necessary condition is met, and then fold the cloths as required. The drying 
stage also required a control measure to fold the cloth when it is about to rain and unfold the cloths when the 
rain stops. The automation of these stages is important to help people accomplish their routine in the face of 
their conflicting day-to-day schedules. Cloth drying during a laundry exercise has been an important research 
area in recent times. For the cloth-drying being implemented with the sunlight, the need for adequate 
automatic measures of preventing the cloth from any further drenching in case of rain is now rife [4], [6]. 

Modelling a system with multi-part constituents requires definite methods with feasible results. 
Hammerstein systems in a continuous mode can be modelled using the hybrid metaheuristic algorithm. The 
parameters of the linear and nonlinear subsystems within such systems can be identified using the hybrid 
approach [7]. The cloth washing real systems can be modelled against such Hammerstein model with 
continuous-time transfer function, based on using the Grey Wolf Optimizer method to tune both the 
coefficients of the nonlinear and transfer functions of the model. The identification of the liquid sloth 
behavior framework can be incorporated into minimizing the error between the identified output and the 
main experimental output [8]. The control mechanism of the drying and protection system can be considered 
using the previous works relative to parametric estimation of modelled multiple-input-multiple-output 
systems and mobile robots [9], [10]. 

The synergistic relationship between robotics and wireless sensor technologies have introduced the 
possibility of a distributed and automated monitoring and control approach into various domestic and 
commercial processes [11], [12]. Currently, robots appear to emulate human intelligence while performing 
even additional tasks. Therefore, more robots and machines are gradually replacing humans in hitherto 
reserved tasks and functions. The two technologies are suitable for the laundry drying process, with sensors 
monitoring the status of the cloths and the weather, while the machine performs the functions on the folding 
and unfolding of the cloths [2], [13]-[15]. Meanwhile, the real-world problems can be represented by 
mathematical models with the solutions simulated, analyzed, and validated to predict the representative 
behavior of such systems applicable to the solution. The different models that are related to the detailed 
aspects of sensor technology and robotics have been highlighted in [16], [17]. The research work of [18] 
established that ultrasonic vibrations constitutes the tools for atomization of liquids to get fine mist, and 
provides promising solutions for efficient drying technology of clothes. This had been demonstrated by 
researchers in 'Oak Ridge National Laboratory’ with prototypes being developed to apply the scientific 
principles of ultrasonic drying. The principle is built on the mechanical correlation between wet fabrics and 
mesh-based piezoelectric transducers. The experimentally validated model proposed by the author bridged 
the vibrations by the transducer with the critical acceleration required for cloth drying to ensue. This paper 
proposes a model and implementation criteria for a distributed and automated approach to a controlled fabric 
drying, folding and unfolding, based on the sensed parameters and preset references. The study has bridged a 
researched gap in employing an integrated modelling approach to the constituent parts of the open-air drying 
system. It proposed models with coverage of the condition monitoring of the fabrics and the control of the 
drying process. 


2. METHOD 

A sequenced approach is adopted in this study namely: modelling, validation and implementation. 
The methodology is based on the system identification and modelling of the respective component units of a 
standard automated open-air drying system, as highlighted here. In the motor controlling unit of the system, 
to provide the cover when the preset condition of rain detection and/or fully dried cloths is detected, the 
design was made using MATLAB Simulink with controller coefficients fully adjusted to capture the 
transceiver data as shown in Figure 1. 
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Figure 1. The MATLAB Simulink model page 


2.1. System identification 

A multi-part sensing-drying-control (SDC) model is adopted. The modelled part considers the 
sensing model, drying model, control model for folding and unfolding, and the validation. The 
implementation and evaluation stage relates the result of the validated results to the developed prototypes. 
The distributed sensing and drying units have their inputs and outputs measured in the time domain, and 
modellied by using the discrete sampled data dynamic representation, while the control unit flapped the 
drying stage double actuating inputs being measured in the frequency domain and being modelled into two 
separate and unique single-input-single-output systems (SISO). The model structure and the estimation 
method adopted for the adjustable parameters for each unit model structure are detailed in the adjoining 
subsections, while the step-by-step approach to the process is as shown in Figure 2. 
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Figure 2. A step-by-step architecture of the system 
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2.2. Sensing model 

The system sensing unit is modelled using the adaptive method as put forward in 2001 [19] for the 
two inputs sensors in each node as illustrated in Figure 3. The integrated approach which is supported in the 
study [20] is used to incorporate the distributed nodes for monitoring the two basic factors within a defined 
controlled area of cloths spread or hanging: the weather condition and the drying status of the cloths. The 
output of each sensing node presents a discrete function that has the transfer function of the described matrix, 
the state equation for the memory of the node which is an integrator, and the output equation in (1) to (3) 
respectively. The discrete sampled data representation can be described by the matrix function in (4), the 
discrete model is as stated in (5), while the model output differential equation is highlighted in (6). 
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Inputs Output 
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Figure 3. The p-structure for a two-sensor node system 
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The homogenous sensing nodes are integrated into a networked single system with the control node, 
with the respective parameters from the individual node being processed for decision making. The iterated 
data of the networked sensing nodes is as represented in (7). Each node i at t > 0 is described by the two 
parameters of interest: the weather condition, y, and the drying status of the cloths, y2. A trilateration 
estimation method described in the study [21] is adopted to ensure that each anchor node stores its position 
coordinates relative to data reception from the targeted node, and use the estimated distance in-between 
estimate the adjustable humiture parameter for condition monitoring. The state equation of the sensing unit 
becomes (7), and the output equation becomes (8). With the application of Taylor's series approximation, the 
sensing node model presents a form as stated in (9), (10). 


X(t) = f(x, Vp Y2 t) (7) 
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2.3. Drying model 

The model for the drying rate is developed to consist of a primary non-linear region based on 
ionization and then followed with a region of linear thermal wet loss. There exists an imbalance between the 
present moisture in the cloths and the surrounding air. Meanwhile, there is a higher concentration of the 
water vapor at the surface of the cloth than the surrounding air, making diffusion to occur from the cloth to 
the surrounding. The relationship among the mass of the dry cloth, mg,, the mass of the water moisture 
present in the cloths, m,, and the concentration of the moisture, M, is defined by (11), while Fick’s law 
relates diffusive flux of vapour between the cloth and the surrounding by the rate of change of the moisture 
concentration as shown in (12). The air humidity ratio can be correlated with the air moisture concentration 
by using the ideal gas state equation as stated in (13): 


M,= ie: (11) 
Dp = SE = tp (Ma — Me) (12) 
PaV 
a af Ta 
a= (=) Havs (13) 


where Dp is the drying rate, tm is the coefficient of mass transport as a strong function of the airspeed, and 
M, is the concentration of moisture in the air. V, represents the effective dry air volume, P, is the dry air 
pressure, c represents the dry air gas constant. Haps represents the absolute air humidity, and T, represents 
the temperature of the air. 

The rate of change of the moisture concentration at the surface of the cloth is dependent upon the 
heat index of the air surrounding the cloth, as a function of both the humidity ratio and temperature of the air. 
The assumption is that the water moisture in the cloth is uniform due to the small volume ratio to the surface 
of the cloth. A higher diffusive flux depends on a higher air temperature and lowers air humidity ratio. 
Meanwhile, the coefficient of mass transport is directly proportional to airspeed. The quantum of effects 
contributed by each factor: air temperature, the humidity of vapor in the air, and the coefficient of mass 
transport, to the drying factors, are validated in the performance indices of the cloth dryer as established 
by [22]-[24]. The drying kinetics is derived from the determination of the moisture content in the cloths on a 
dry basis using (14) and (15): 


%M (d) = (=) x 100 (14) 
_ M@ 
MR = MO (15) 


where M(d) represents the moisture content on a dry basis, W, is the weight of the wet cloth, and W, is the 
weight of the dried cloth. MR is the moisture ratio. M(d), is the initial moisture content of the cloth, and 
M(d), is the dry-basis moisture content of the cloth after a time (f). 


2.4. Control model 

A well-known active-reactive power theory called the P-Q method is employed in designing the 
two-stage actuating condition of the cloth drying process for the dual-input-single-output scenario. Recent 
studies [25], [26] have supported the use of the method for modelling time-invariant control scenarios. The 
method transforms the problem for the double actuating inputs into two separate and unique single-input- 
single-output systems (SISO) as shown in Figure 4. In the SISO system has the compensators, k;(s) and 
k3(s) selected simultaneously to arrive at a transfer function, G'(s) expressed in (16) and the characteristic 
equation expressed in (17). The relative contribution of each path output is described over frequency, and 
interference that can result from the phase lag in the paths is reduced to a minimum. 
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Figure 4. The P-Q method transforming the double-input to a single-input with one controllable output 
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output relative to frequency, the resulting equations are as shown in (18) and (19). Therefore, the 


compensator for the system is designed as a discrete value ky(z), while the performance function can be 
determined on a linear Bode plot tool. 


ity — 9r(e'*) 
penje (18) 
Ge") = ki (e*t) gi (ett) + kale") gle") (19) 


3. RESULTS AND DISCUSSION 

The models developed for the three sections were simulated and the results evaluated for validation. 
The sensor model was simulated using the MATLAB and the results compared with a projected moisture- 
based performance. The signal response to the unit change in temperature of the sensing unit for 20 minutes 
was evaluated as shown in Figure 5(a), while the drying rate across a range of temperature within the period 
was also simulated and evaluated as shown in Figure 5(b). The sensors were tested with a dried-up cloth at 
94 °C, and when the cloth was soaked with water to about 10% moisture content at almost +1% error 
tolerance. The simulated results in both cases indicate above 87.5% agreements with the analytical results. It 
is observed that the model is indicative of no thermal bridging in the measuring sensor probes, a very useful 
condition for cloth drying monitoring. 
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Figure 5. Simulated outputs (a) sensor analytical and simulated outputs pulse to temperature over a period 
and (b) drying response against time for the simulated model and the experimental process 


By setting the value of a PI controller gains at k, = 10 and k; = 39 and that of the proposed model 


at ki = 0.51, k} = 27 and ky = 17.2 in the optimization process, Figure 6 shows the unit step response of 
the regulated DC motor speed as controlled by a standard PI controller and the proposed P-Q model. It is 
observed that the model provides a relatively small overshoot and faster dynamic response. 
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Figure 6. Simulated result of the PI and PQ model methods 


3.1. Performance evaluation 

The performance of the sensing unit model was evaluated by simulating a network of 10 sensors 
randomly. These were compared with the entropy-based selection criteria in which each node was selected 
based on weighted or closest distance, and information utility in terms of mean square errors and execution 
time as shown in Figures 7(a) and 7(b). The results indicate about 83.2% accuracy on execution time, and 
89.4% against the mean square error (MSE), using an average basis on other criteria employed. 
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Figure 7. Evaluation result of the SDC sensing unit using (a) execution time basis and 
(b) mean square error basis 


4. CONCLUSION 

A modelling approach to protecting the open-air drying cloths has been proposed in this paper. The 
sensing unit, drying process and the applicable controller were modelled by integrating the dual-input-single- 
output and the P-Q methods and the simulated results by MATLAB Simulink were evaluated. The simulated 
results in both the sensing and controller units indicate very good performance evaluation. The magnitude of 
the model gains determines the comparative contributions of the parallel pairs of each unit as a function of 
frequency. Manufacturers of sensors and controllers mostly rely on models to design the various systems to 
solve targeted problems. Therefore, complete system evaluation is always necessary for sensors and 
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controllers to ensure interactive mode implementation, even when real-time simulators are applied on 
isolated device units. This enables performance evaluation to be validated against a wide spectrum and 
ensure the minimization of most the assumptions. Hence, future research work. 
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